Abstract.-Although morphological data have historically favored a basal position for the Indian gharial (Gavialis gangeticus) within Crocodylia and a Mesozoic divergence between Gavialis and all other crocodylians, several recent molecular data sets have argued for a sister-group relationship between Gavialis and the Indonesian false gharial (Tomistoma schlegelii) and a divergence between them no earlier than the Late Tertiary. Fossils were added to a matrix of 164 discrete morphological characters and subjected to parsimony analysis. When morphology was analyzed alone, Gavialis was the sister taxon of all other extant crocodylians whether or not fossil ingroup taxa were included, and a sister-group relationship between Gavialis and Tomistoma was significantly less parsimonious. In combination with published sequence and restriction site fragment data, Gavialis was the sister taxon of all other living crocodylians, but the position of Tomistoma depended on the inclusion of fossil ingroup taxa; with or without fossils, preferred morphological and molecular topologies were not significantly different. Fossils closer to Gavialis than to Tomistoma can be recognized in the Late Cretaceous, and fossil relatives of Tomistoma are known from the basal Eocene, strongly indicating a divergence long before the Late Tertiary. Comparison of minimum divergence time from the fossil record with different measures of molecular distance indicates evolutionary rate heterogeneity within Crocodylia. Fossils strongly contradict a postOligocene divergence between Gavialis and any other living crocodylian, but the phylogenetic placement of Gavialis is best viewed as unresolved. [Combined data sets; Crocodylia; fossils; molecular clock; parsimony analysis; stratigraphy.]
The traditional phylogenetic placement of Gavialis ... is inconsistent with all molecular data sets and we suggest that a careful reexamination of both the extant and the fossil morphological data is warranted.
- Hass et al., 1992:193 Different phylogenetic analyses of Crocodylia are broadly congruent, but they consistently disagree on two points. Historically, morphologists have maintained that alligatorids and crocodylids are more closely related to each other than either is to the Indian gharial, Gavialis gangeticus, and that the lineage including Gavialis diverged from that including all other living crocodylians before the end of the Mesozoic. However, recent estimates based on biochemical or molecular information consistently suggest that Gavialis and the false gavial, Tomistoma schlegelii, form a clade more closely related to crocodylids than to alligatorids and that Gavialis and Tomistoma diverged from each other no earlier than the Miocene or Pliocene (Fig. 1) . Although a few morphological studies have supported these results, the application of parsimony analysis to skeletal data has continued to support the earlier morphological view.
At first glance, these two hypotheses appear fundamentally different, and no alternative rooting will turn one of the trees into the other. Lost in these discussions is the fact that these diverse data sets actually produce highly congruent results (Poe, 1996) . For example, in all cases Crocodylia is a monophyletic group with respect to all other amniotes, Alligatoridae is monophyletic, and the alligators are separated from the caimans. All data sets support the monophyly of Crocodylus and the sistertaxon relationship between Crocodylus and Osteolaemus. Most discussions are worded as if Tomistoma were central to the debate, but all recent analyses, regardless of the nature of the data, agree that Tomistoma is closer to Crocodylus than to Alligator. If Gavialis is disregarded, the trees are identical.
Nevertheless, two consistent and independent incongruencies can be localized. The first is topological: where do Gavialis and its extinct relatives fit on the phylogenetic tree of Crocodylia? The second is temporal: when did Gavialis diverge from its closest living relative? Although different analyses consistently suggest one answer for both questions, they can be addressed separately.
If disparity revolves around only one living taxon, why should we express concern? Because of the density of its fossil record, Crocodylia can be used to address a host of geological and evolutionary issues, including temporal diversity patterns (Hutchison, 1982; Markwick, 1994) . A robust phylogenetic hypothesis is needed before questions of, for example, survivorship across mass-extinction horizions (Smith and Patterson, 1988; MacFadden, 1992; Archibald, 1993) can be addressed confidently. Expectations will differ depending on both the topological and temporal issues. Finding members of one lineage in the Cretaceous implies the presence of its sister taxon in the same period, even if the oldest known members of the sister lineage are from the Eocene.
These two conflicts are often attributed to undetected convergence within morphological data sets (Densmore, 1983; Hass et al., 1992) , but molecular data sets are no less prone to homoplasy (Hillis, 1987; Wyss et al., 1987; Sanderson and Donoghue, 1989; Patterson et al., 1993; Doyle, 1996) . Moreover, the fact that modern crocodylian lineages have been separate since the Late Cretaceous (e.g., Norell et al., 1994; Wu et al., 1996) raises the possibility that data sets restricted to living species, whatever the nature of the data, might be preserving a misleading signal caused by accumulation of convergent apomorphies in distantly related lineages (Felsenstein, 1978; Huelsenbeck and Hillis, 1993) . Still, the most prominent hypothesis currently entertained is that convergence is misleading morphological data sets into recovering an incorrect phylogeny and overestimating the time transpired since Tomistoma and Gavialis diverged.
We can address both sides of this issue and test these hypotheses by including fossils in the analysis. The fossil record of Crocodylia is rich, including some remarkably well-preserved specimens, and extends back into the Cretaceous. Because fossils preserve primitive states modified beyond recognition in living taxa, their inclusion can increase accuracy over purely neontological analyses when extant lineages have been separated for a long time (Huelsenbeck, 1991) . They also provide the means to calibrate minimum divergence time for any two living species (Norell, 1992) .
In this study, I addressed Hass et al/s (1992) invitation to reanalyze the morphological data from both living and extinct crocodylians to answer two questions: What does morphology say about the relationships of Gavialis, and what does it say about the timing of the divergence of Gavialis from other living crocodylians? A cladistic analysis of crocodylian relationships based on discrete morphological characters was performed, first from a neontological perspective and then with fossils included. Although some sequence and restriction site fragment data were used in combination with morphology for some portions of this analysis, I did not attempt to reconsider molecular analyses published to date; Poe (1996) reanalyzed the restriction site and mitochondrial DNA sequence data and provided an excellent summary of the noncladistic molecular data.
Herein, I use the phylogenetic definition of the name Crocodylia first explicitly published by Benton and Clark (1988) : the crown group including the last common ancestor of alligatorids, crocodylids, and Gavialis and all of its descendants. "Crocodylian" is spelled with a "y" rather than an " i " to specify a member of this monophyletic group. Norell et al. (1994) expanded the phylogenetic system within Crocodylia to include three stem groups: (1) Gavialoidea (all taxa more closely related to Gavialis than to alligators or crocodiles), (2) Alligatoroidea (all taxa more closely related to alligators than to crocodiles or Gavialis), and (3) Crocodyloidea (all taxa more closely related to crocodiles than to alligators or Gavialis). Within each stem group is a crown group defined on the basis of extant taxa: (1) Gavialidae includes the last common ancestor of living gharials and all of its descendants; (2) Alligatoridae includes the last common ancestor of living alligators and caimans and all of its descendants; and (3) Crocodylidae includes the last common ancestor of living crocodyloids and all of its descendants.
CONFLICTING VIEWS OF GAVIALIS from Diverse Data Sets

Previous Hypotheses of Crocodylian Relationships
The earliest crocodylian taxonomies were based on gross similarity rather than on anatomical detail. The monophyly of Alligatoridae has never been controversial, but the relationships of nonalligatorid forms were in constant flux during the 19th century. Dumeril and Bibron (1836) clustered the crocodylians known at that time such that Gavialis fell outside a group including all others, but later classifications, including those by evolutionists, were not always as clear. Systematists of that time frequently classified all longsnouted taxa together in a group separate from more generalized taxa (e.g., Lydekker, 1888; von Zittel, 1890) , but some of the most important anatomical descriptions of that era not only considered Tomistoma to be a crocodylid but also classified it within Crocodylus (e.g., D'Alton and Burmeister, 1854; Bruhl, 1862) .
Early in this century, morphologists reached a broad consensus that Gavialis 482 SYSTEMATIC BIOLOGY VOL. 46 was distantly related to all other living crocodylians (Miiller, 1927a; Nopsca, 1928; Kalin, 1931; Mook, 1934) . The systematic placement of Tomistoma and its putative extinct relatives was less certain; some authors explicitly allied them with crocodylids (Mook, 1921b (Mook, , 1934 Piveteau, 1927; Kalin, 1931 Kalin, , 1955a Kalin, , 1955b Wermuth, 1953) , whereas others left Alligatoridae + Crocodylidae + Tomistoma unresolved (Williston, 1925; Romer, 1956; Sill, 1968; Steel, 1973) . This consensus was not unanimous (e.g., Joleaud, 1920) , but by the 1950s most morphologists regarded Gavialis and Tomistoma as distant relatives. Most agreed that the lineage including Gavialis had diverged from that including other crocodylians before the end of the Cretaceous, and Kalin (1955b) argued for a divergence during the Jurassic, with "eusuchian" characters (pterygoid-bound choanae, procoelous vertebrae) arising independently in Gavialis and other members of Crocodylia.
Chromosomal studies (Cohen and Gans, 1970; King et al., 1986) have not produced results easily expressed as a tree, but they generally show that Gavialis has a karyotype "intermediate" between that of alligatorids and that of crocodylids. Nesting behavior was studied from a systematic standpoint by Greer (1970) . His results supported a basal position for Gavialis but also suggested that Osteolaemus, Tomistoma, and alligators were all derived within Crocodylus; however, his study was criticized for its inclusion of ecologically plastic characters (Campbell, 1972) . Phylogenetic relationships of crocodylian intestinal parasites have been extrapolated into a phylogenetic statement for Crocodylia, assuming coevolution between parasite and host (Brooks, 1979; Brooks and O'Grady, 1989) , but these results suggested some heterodox relationships and have generally been criticized as reflecting a biogeographic rather than phylogenetic signal (Densmore and Owen, 1989) . Coevolutionary analyses did not include Tomistoma but support a basal position for Gavialis relative to other crocodylian lineages. Gorman et al. (1971) were the first to infer within-group crocodylian relationships from a biochemical standpoint. Starch gel electrophoretic analysis of serum albumin indicated a shorter immunological distance between Alligator and Caiman than between Alligator and Crocodylus. Densmore (1983) conducted a much more inclusive study, using immunodiffusion analysis of serum albumin and transferrin, hemoglobin tryptic peptide "fingerprinting," and starch gel electrophoresis of 17 additional blood proteins to derive phenograms for all extant species within Crocodylia. His results diverged from more traditional morphological hypotheses in that Tomistoma and Gavialis consistently clustered together; the immunodiffusion results indicated virtually no difference between these two taxa, prompting Densmore and Dessauer (1984) to argue for a relatively recent divergence between them, perhaps as recently as the Miocene.
Several other molecular studies of crocodylian relationships have included mitochondrial and nuclear DNA restriction fragment comparison (Densmore and Owen, 1989; Densmore and White, 1991) , microcomplement fixation of serum albumin (Hass et al., 1992) , sequence comparison of 12S ribosomal mitochondrial DNA (Gatesy and Amato, 1992; Gatesy et al., 1993) , and DNA fingerprinting (Aggarwal et al., 1994) . The results of these studies were congruent with the conclusions of Densmore (1983) in that Tomistoma and Gavialis were most similar; Hass et al. (1992) argued for a divergence as recent as the Pliocene.
A few osteological studies seemed to support the molecular hypotheses, at least topologically (Aoki, 1976 (Aoki, , 1992 Buffetaut, 1985b) , but these studies have been criticized (most notably by Norell, 1989) for relying on demonstrably plesiomorphic character states to unite Gavialis and Tomistoma. Characters of tongue structure (Taplin and Grigg, 1989) and integumentary gland pores (King and Brazaitis, 1971 ) also support the molecular tree when viewed independently but have not been considered in more inclusive data sets. Most recent morphological analyses have instead supported the basal position of Gavialis and a close relationship between Tomistoma and Crocodylus (Frey, 1988; Frey et al v 1989; Norell, 1989; Tarsitano et al., 1989; Willis, 1993; Salisbury and Willis, 1996) , and even those analyses that agreed with the molecular data topologically (e.g., Buffetaut, 1985b ) indicated a divergence between Gavialis and Tomistoma prior to the Eocene.
Poe (1996) combined published mitochondrial restriction site fragment data (Densmore and Owen, 1989; Densmore and White, 1991) , 12S sequence data (Gatesy and Amato, 1992; Gatesy et al., 1993) , and morphological, karyotypic, and behavioral characters derived from the literature (Cohen and Gans, 1970; Greer, 1970; Brazaitis, 1973; Iordansky, 1973; Ross and Mayer, 1983; Norell, 1988 Norell, ,1989 , using both fossil and living outgroups. This combined matrix, which ultimately included 176 molecular and 64 phenotypic (morphology, chromosome, behavior) characters, continued to support the sister-taxon relationship between Gavialis and Tomistoma. Poe (1996) emphasized the congruence among all data sets if Gavialis is ignored and argued that the combined tree was the best estimate for crocodylian systematics.
The Placement of Gavialis and the Role of Fossils
Why do these data sets disagree so consistently on the relationships and divergence timing of Gavialis? Nearly all authors of molecular studies have attributed this disagreement to undetected convergent evolution in morphological characters (Densmore, 1983; Hass et al., 1992) . They correctly pointed out that crocodylian evolution has long been seen as replete with convergence, particularly with regard to snout shape (Langston, 1973) . If morphological data sets rely heavily on cranial characters, as historically they have, homoplasy might be compromising attempts to accurately reconstruct relationships. Thus, when morphologists pointed to the existence of gharials in the Eocene (e.g., Hecht and Malone, 1972; Buffetaut, 1982) , Hass et al. (1992) suggested that the fossils had been misidentified. The characters used to unite Tomistoma and Crocodylus were dismissed as convergences (Hass et al., 1992) or as potential synapomorphies for all nonalligatoroid crocodylians, these synapomorphies being secondarily transformed in Gavialis (Densmore, 1983) .
It is also entirely possible that homoplasy is projecting a misleading signal onto the molecular data. Even if rates of evolution are low, accumulation of apomorphies within long-separate lineages will erase historical information from descendant taxa and, ultimately, randomize data sets; if evolutionary rates among a group of lineages are not uniform, branches with large numbers of apomorphies may converge on each other (Felsenstein, 1978; Hendy and Penny, 1989; Sytsma and Baum, 1996) . This possibility is particularly relevant given the tree reconstruction algorithms used in the distance-based crocodylian phylogenies published to date (e.g., UPGMA in the electrophoretic data of Densmore, 1983) , which are known in simulation to be inaccurate when faced with long phylogenetic branches of different lengths (Huelsenbeck and Hillis, 1993; Hillis et al., 1994; Huelsenbeck, 1995) .
The utility of combining disparate and conflicting data sets has been debated (Kluge, 1989; Swofford, 1991; Chippindale and Wiens, 1994; Huelsenbeck et al., 1994; de Queiroz et al., 1995; Miyamoto and Fitch, 1995; Huelsenbeck and Bull, 1996; Nixon and Carpenter, 1996) . The combined approach deals with conflict at the character level but fails to properly address situations in which different data sets are producing well-supported but conflicting hypotheses of relationships (Shaffer et al., 1991; de Queiroz, 1993; de Queiroz et al., 1995) . A combined approach may not accurately recover a phylogeny under these circumstances, as shown in simulation by Bull et al. (1993) . The consistency and strength with which different data sets disagree on the placement and divergence timing of Gavialis indicates conflict between data sets, and one would expect the stronger signal, in this case that from restriction fragment length polymorphism and sequence data, to outweigh any other signals.
If, as suggested by Hass et al. (1992) and Densmore (1983) , morphological data sets are beset with convergence in extant species, one possible solution is to add fossils to morphological analyses. Fossils "prune" long branches by preserving ancestral states not recoverable in living relatives (Huelsenbeck, 1991) , and their inclusion can overturn hypotheses supported by living taxa alone (Gauthier et al., 1988; Donoghue et al., 1989; Meylan and Gaffney, 1989; Novacek, 1992) . To date, published parsimony analyses of Crocodylia (e.g., Norell, 1989) have essentially been analyses of living taxa. Some fossil crocodylians occur in the Late Cretaceous and represent taxa living not long after the presumed divergence of extant lineages; these taxa are important because simulations indicate that the addition of taxa to the analysis is likeliest to increase accuracy if the added taxa diverged close to the root (Kim, 1996) .
If convergence is a problem for morphological data, the addition of fossils should suggest a different set of relationships than those obtained without fossils. Failure of fossils to overturn Recent-only results, of course, does not prove that morphology is not being misled by convergence but represents a failure to reject the hypothesis that morphology is being misled and bolsters confidence that the signal being drawn from morphology is consistent.
Fossils also provide a unique opportunity to calibrate the timing of lineage splitting events within Crocodylia. The oldest known occurrence of one lineage places a minimum age on both (Paul, 1982; Benton, 1990; Marshall, 1990; Norell, 1992 Norell, , 1993 Archibald, 1996) . If one hypothesizes that Gavialis and Tomistoma shared a common ancestor after the Oligocene, one would not expect to find fossils closer to either taxon in pre-Miocene units. Identification of such fossils forces a rejection this hypothesis. Failure to recognize pre-Miocene gavialoids or tomistomines would be consistent with a post-Oligocene divergence but would not necessarily prove it. Fossils can only provide minimum divergence times, and the possibility of a ghost lineage must always be considered (Marshall, 1990; Norell, 1992 Norell, , 1993 Springer, 1995) .
METHODS
Phylogenetic Analysis: Testing the
Topological Incongruence One hundred sixty-four discrete morphological characters were subjected to maximum parsimony analysis with PAUP 3.0s (Swofford, 1990) ; these characters are listed in Appendix 1 (see data matrix in Appendix 2). Multistate characters were treated as unordered, and no differential character weights were used. Branch-andbound searches were conducted when living taxa were analyzed separately, but because of the size of the matrix, heuristic searches were used when fossil taxa were added. Ten searches were done with each analysis, with the order of the taxa in the matrix randomized each time, to ensure that the search was not being trapped in a local tree-length minimum (Maddison, 1991) .
Two fossil taxa, Bernissartia fagesii and an undescribed neosuchian from the Early Cretaceous Glen Rose Formation of Texas, were used as sequential outgroups in all analyses. Norell (1989) used Goniopholis + Dyrosauridae + Eutretauranosuchus and Bernissartia + Shamosuchus as outgroups; I was unable to examine well-preserved Shamosuchus material, and because the relationships among "goniopholidids" (e.g., Goniopholis, Eutretauranosuchus) are not well resolved, I excluded them. The undescribed Glen Rose form (Langston, 1974) was designated the sister taxon to Eusuchia by Benton and Clark (1988) . Poe (1996) used two extant noncrocodylians, Sphenodon punctatus and Apteryx australis, as outgroups to polarize molecular data. Dromaius novaehollandiae (emu) was substituted for Apteryx in the present study because skeletal material was available, permitting the scoring of morphological characters. The 12S ribosomal DNA (rDNA) sequence data for Dromaius were downloaded from GenBank (accession X67633; see Cooper et al., 1992) . Dromaius was used as an additional outgroup taxon when molecular and morphological data sets were combined.
Two separate types of analyses were performed. In both cases, branch-andbound searches were done on 15 extant taxa and the two fossil outgroups, followed by heuristic searches that included the 15 extant and 44 extinct ingroup taxa (see Appendix 3). All living species within Alligatoridae were included, and Caiman crocodilus and Caiman yacare were regarded as separate species for purposes of this analysis. Only four species within Crocodylus (C. cataphractus, C. rhombifer, C. porosus, C. nibticus) were included in these particular analyses because other Crocodylus were morphologically redundant with one of these four taxa.
In the first analyses, morphological characters were analyzed separately. Bernissartia and the Glen Rose Form were the only outgroups, whether the ingroup was restricted to living species or included fossils. In the second, 12S rDNA sequence data (Gatesy et al., 1993) and 18S nuclear, 28S nuclear, and mitochondrial restriction site fragment data (Densmore and White, 1991) were combined with morphology and analyzed concurrently. These molecular data sets were the same ones considered by Poe (1996) . For these, Dromaius was added as one of the outgroups. The 12S rDNA alignment published by Gatesy et al. (1993) was modified by eye to include the Dromaius sequence; the realigned sequence is shown in Table 1 .
Nonparametric bootstrap percentages were calculated for nodes on all trees. When living taxa were analyzed separately, the bootstrap analysis consisted of separate heuristic searches of 1,000 replicate data sets. Because of the final size of the matrix with fossils included (59 taxa, 164 characters), only 100 replicate data sets were generated, and the heuristic searches were modified such that branch swapping was not used; 10 random arrangements of each replicate data set were examined.
Decay indices were calculated using TreeRot (Sorenson, 1996) for trees restricted to living taxa. These numbers were not calculated for matrices including fossils; repeated attempts using constraint files generated by both TreeRot and AutoDecay 2.9.5 (Eriksson, 1996) were unsuccessful owing to large numbers of incomplete taxa. Because decay indices were not calculated, trees up to three steps longer were considered when fossils were included.
To compare the results obtained from these analyses with previously published hypotheses, alternative arrangements were entered as constraint trees and analyzed separately. First, the living taxa were constrained such that Gavialis and Tomistoma formed a clade more closely related to Crocodylus than to Alligator, as with previous molecular studies. With fossils included, those extinct taxa closer to either Gavialis or Tomistoma were constrained to form a clade with no internal resolution, and all other crocodylian taxa were allowed to float. These taxa were further constrained in subsequent analyses such that post-Oligocene taxa (Gavialis gangeticus, Siwaliks Gavialis, Tomistoma lusitanica, Tomistoma schlegelii) formed a clade; this constraint conformed to the hypothesis that Gavialis and Tomistoma shared a common ancestor after the Oligocene.
Templeton (1983) introduced a procedure based on the Wilcoxon signed rank test to test the significance of character state distribution difference between hypotheses (see also Larson, 1994; Poe, 1996) . I used one-tailed tests in this study (but see Felsenstein, 1985) , deriving significant figures from the tables of Rohlf and Sokal (1981) .
Calibration of Divergence Time: Testing the Temporal Incongruence
Many of the fossil taxa considered in this analysis are known only from a single locality, effectively rendering them point occurrences for the purposes of this study. To estimate age, I determined the smallest chronostratigraphic unit to which each fossil could be assigned; for most North American fossils, this was the North American Land Mammal Age (NALMA), and for most non-North American specimens, this was stage. A few taxa could only be assigned to an epoch, and some South American taxa were assignable to a South American Land Mammal Age (SAL-MA). Chronostratigraphic unit boundaries were obtained or estimated as noted in Appendix 3. To estimate earliest known occurrence for each species, I used the midpoint of whatever chronostratigraphic unit was available for each taxon, and the temporal range of the unit was used as the error margin. For taxa known across several units of time, the midpoint of the oldest NALMA or stage was used for the origination time. Error margins on unit boundaries were not considered in this analysis; when unit boundaries were depicted as time transgressive, the most extreme limit to that unit was used. Taxa whose error margins overlapped were considered contemporary when calculating the stratigraphic consistency index (SCI) unless clear superpositional information placed one taxon above another within the same stage. I calibrated divergences between any two taxa using the oldest occurring fossil in either of the lineages as a minimum age.
The SCI is the ratio between the number of nodes consistent with known stratigraphic ranges of involved taxa and the total number of nodes (Huelsenbeck, 1994) . This metric is related to the cladistic rank method of Gauthier et al. (1988; see also Norell and Novacek, 1992a, 1992b) but is able to consider all nodes simultaneously in a symmetrical tree. The SCI is only a measure of whether a particular cladogram conflicts with superpositional information and is not an indicator of the amount of conflict; for example, cases in which all taxa under consideration have the same known minimum age will give an SCI of 1.0. Also, SCI will not measure how complete the fossil record is because it only reflects relative age. In this case, however, SCI is a useful way of determining whether alternative hypotheses require more or fewer ghost lineages, as measured by deviation from the stratigraphic order of known fossils.
The SCI has been criticized as sensitive to data set size and tree shape; in particular, pectinate trees are more likely to have higher SCIs than are symmetrical trees of the same taxa (Siddall, 1996) . I calculated the imbalance index (Im) of Heard (1992) for two completely resolved trees for each of the competing phylogenies, one that maximizes symmetry and one that minimizes it, to ensure that tree shapes were similar. The expected value of Im for a matrix of 59 taxa is 0.1063, following equations of Heard (1992) and Siddall (1996) . SCI cannot be calculated for a consensus tree, so in both cases SCI was calculated for the most pectinate and most symmetrical trees possible from the consensus tree to give maximum and minimum Im. The number of required ghost lineages can be estimated by considering the minimum implied gaps (MIG) between the first occurrences of two sequential taxa on a cladogram Novacek, 1992a, 1992b; Weishampel and Heinrich, 1992; Storrs, 1993; Storrs, 1994,1996; Smith and Littlewood, 1994) . A sum of MIG (SMIG) for a tree indicates the sum length of ghost lineages for the entire tree. As with SCI, only fully resolved trees can be used to calculate SMIG; I therefore calculated SMIG for all trees in the set of most-parsimonious trees and averaged them. SMIG can suffer from the opposite bias of SCI: whereas SCI will favor pectinate trees, SMIG can favor symmetrical trees because long basal branches are being cut by known nodes.
Fossils exist that extend the temporal range of taxa used in the parsimony analysis. However, these fossils were not included in the analysis because they were redundant with other taxa that were included; as such, the redundant taxa contributed nothing toward resolving relationships and would have only increased the number of most-parsimonious trees (Wilkinson and Benton, 1995) . Nevertheless, because these taxa were able to extend the known temporal range of their congruent taxa, they are listed at the bottom of the table in Appendix 3.
Divergence times estimated from the fossil record can be compared with those inferred from molecular data (Hass et al, 1992) . Measures of molecular distance can be plotted against minimum age of divergence, and correlations can be calculated. For this analysis, I used four different measures of distance: adjusted antigenic distance from serum albumin (Densmore, 1983) , immunological distance from serum albumin (Hass et al., 1992 , using the same samples as Densmore, 1983 ), Nei's distance (D) calculated from 17 different blood proteins (Densmore, 1983) , and minimum number of steps between taxa for the 12S ribosomal unit of the mitochondrial genome (Gatesy et al., 1993) .
Distances were read directly from the appropriate tables of Densmore (1983) and Hass et al. (1992) . For Nei's D, pairwise comparisons between different alligatorids and nonalligatorids were not provided.
Whenever possible, the distance between
Crocodylus cataphractus and all other Crocodylus was used to represent the initial divergence among extant Crocodylus.
Step matrices were generated by PAUP to calculate distance for the DNA data, and absolute distances were used.
Because we do not know the sampling distribution for many types of distance data (Hillis et al., 1996) , error margins could not be calculated for antigenic distance, immunological distance, or Nei's D. However, molecular clock hypotheses assume that base pair substitutions accumulate following a Poisson distribution (Wilson et al., 1987; Hillis et al., 1996) . Following the equation described by Hillis et al. (1996) , error margins were calculated for nine different hypothetical rates of evolution (0.125, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, and 2.0 base pair changes/million years [bpc/MY]), allowing a test of the hypothesis that all pairwise comparisons within Crocodylia are consistent with the same rate or rates of evolution. After these rates were calculated, a few divergences exceeded rates of 2.0, and so integer increments from 3.0 through 7.0 were also tested. Simple relative rate tests were also conducted with this data set following a modified version of the protocols of Mindell and Honeycutt (1990) .
RESULTS
The topological results of all classes of analyses are summarized in Figure 2 . Morphology, based on these results, does indicate a basal position for Gavialis relative to other crocodylians, but different combined analyses support different topologies and rootings. (Fig. 3a) . Bootstrap percentages indicate that all ingroup nodes on this tree are robust. The monophyly of Crocodylidae, including Tomistoma, is supported in trees up to 6 steps longer than the mostparsimonious tree; monophyly of a group including all crocodylians except Gavialis is supported in trees up to 11 steps longer.
This tree is largely congruent with all previous analyses of Crocodylia, regardless of the type of data used. Crocodylus is monophyletic and is the closest living relative of Osteolaemus; Alligatoridae is monophyletic, as are the caimans; the sister-taxon relationship between Caiman latirostris and Melanosuchus niger was supported by Norell (1988) and Poe (1996) , and all other topological arrangements within Alligatoridae are in agreement with previous analyses; and Tomistoma is closer to Crocodylus + Osteolaemus than it is to Alligatoridae. A sister-group relationship is indicated between Crocodylus cataphractus and all other Crocodylus, in accord with some immunological data (e.g., Densmore, 1983) , although different data sets do not agree on the relationships within Crocodylus (Poe, 1996) . This data set supports previous morphological cladistic studies of Crocodylia (e.g., Norell, 1989) in that Gavialis is unequivocally the sister taxon of all other crocodylians. By constraining Gavialis and Tomistoma as sister taxa, tree length increases from 259 to 273. This is an increase of 5.13%, and based on Templeton's test (one-tailed), FIGURE 2. Summarized results of different parsimony analyses for Crocodylia. # = preferred root. The asterisk indicates a situation in which the preferred topology is significantly more parsimonious than competing topologies based on Templeton's test. See Poe (1996) for results of parsimony analyses of molecular data alone.
the difference is significant (P < 0.025, Ts = 273, n = 41).
Fossils included, morphology only.-The strict consensus of the 1,620 most-parsimonious trees recovered had a length of 472 (Figs. 4a, 5a ). The relationships among living crocodylians are entirely congruent with those of Figure 3a . Gauialis and its closest extinct putative relatives form the basalmost clade within Crocodylia; Alligatoroidea and Crocodyloidea, including Tomistoma and several extinct tomistomines, are sister taxa.
In most ways, this tree agrees topologically with previous analyses of fossil crocodyliform systematics. Hylaeochampsa vectiana is the sister taxon to Crocodylia, as proposed by Clark and Norell (1992) . The crocodyloid identity of such taxa as Asiatosuchus germanicus, "Crocodylus" affinis, and Brachyuranochampsa eversolei is in agreement with the proposals of Norell and Storrs (1986) and Salisbury and Willis (1996) . The placement of Diplocynodon close to but not within Alligatoridae was supported by Norell et al. (1994) , and the gavialoid affinities of Eogavialis africanum were supported by Hedht and Malone (1972) and Buffetaut (1982) .
Nevertheless, there are some unexpected results. Most important of these from a paleontological perspective is the nonmonophyly of "Leidyosuchus," a widespread assemblage of generalized eusuchians from the Late Cretaceous through the Eocene of North America (Lambe, 1907; Gilmore, 1910; Erickson, 1976; Brochu, in press ). As shown here, Leidyosuchus canadensis is a basal alligatoroid, but other "Leidyosuchus" lie outside Alligatoroidea + Crocodyloidea. "Allognaihosuchus," an assemblage of broad-snouted alligatorids from the Tertiary of North America and Europe (e.g v Simpson, 1930; Berg, 1966) , is also not monophyletic; Allognathosuchus wartheni is more closely related to Alligator than is "Allognathosuchus" mooki.
The gavialoid identity of Thoracosaurus macrorhynchus was likewise unexpected. Most 20th century authors have considered Thoracosaurus to be a tomistomine (Piveteau, 1927; Steel, 1973; Carpenter, 1983 The relationship proposed here is not strictly new; 19th century paleontologists (e.g., LeMoine, 1884; Koken, 1888) regarded Thoracosaurus as a close relative of Gavialis. Although T macrorhynchus itself is from the lowermost Paleocene (Troedsson, 1924; Piveteau, 1927) , congruent forms are known from the Late Cretaceous (Leidy, 1864; Troxell, 1925; Carpenter, 1983; Schwimmer, 1986) .
Tomistominae, whose name is defined in reference to all crocodylians more closely related to Tomistoma than to Crocodylus, Alligator, or Gavialis, includes T. schlegelii and a series of extinct forms extending into the Lower Tertiary. The oldest of these is "Crocodilus" spenceri from the lowermost Eocene (Ypresian) of England, originally described by Buckland (1836) and later redescribed and illustrated by Owen (1850). Tomistoma cairense, known from the Middle Eocene Mokattam Formation of Egypt (Miiller, 1927b; Buffetaut, 1982) , is also a tomistomine according to this analysis.
In general, nodes supported by high bootstrap percentages in the Recent-only tree were either more weakly supported or not supported at all in the Recent + fossils tree, probably because the large suites of characters supporting taxa in the Recentonly tree were being shared by a larger number of nodes. The 12 unambiguous synapomorphies diagnosing Crocodylidae in the Recent-only analysis, for example, were distributed over five to seven nodes in the Recent + fossils tree. Nevertheless, the monophyly of Gavialoidea, including pre-Miocene taxa, received very high support (100%).
Taxa designated as gavialoids or tomistomines in the analysis with fossils were constrained to form a clade; heuristic searches under this constraint recovered 14,648 most-parsimonious trees with a length of 492, an increase of 4.07%. The strict consensus of these was similar to that in Figures 4a and 5a , with the exception that Gavialoidea (including tomistomines) was the sister taxon of the clade including 
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Crocodylus niloticus FIGURE 4. Strict consensus trees for crocodylians and outgroups. Extant taxa are shown in bold, (a) Strict consensus of 1,620 most-parsimonious trees (length = 472, CI [excluding uninformative] = 0.431, RI = 0.827) recovered when fossil and living ingroup taxa were analyzed with morphology alone. Alligatoroidea has been collapsed and is shown in detail in Figure 5 . Numbers at the nodes are bootstrap percentages for the morphology-only analysis (upper) and combined analysis (lower). Decay indices could not be calculated. # = nodes preserved in trees three or more steps longer than the most-parsimonious trees; O = nodes preserved in trees two steps longer, (b) The strict consensus of 7,560 trees (length = 841, CI [excluding uninformative] = 0.475, RI = 0.781) recovered when the combined matrix was used; it is congruent with tree a, but there was loss of resolution within Crocodylus. Dromaius was used as an additional outgroup, as indicated by the dashed line leading to Dromaius in tree a.
common ancestor of Thoracosaurus and Gavialis (Fig. 6) . Although the percentage of tree-length increase is smaller with fossils than without, the unconstrained tree is still significantly more parsimonious (P < 0.025, Ts = 424, n = 51).
Extant taxa only, combined matrix.-The combined matrix produced four most-parsimonious trees with a length of 624 steps. Gavialis is placed at the base of Crocodylia, as with the morphology-only analyses, but Tomistoma is also close to the root (Fig. 3b) . In effect, the unrooted network supported by the combined matrix is the same as Figure 4a . Numbers at the nodes are bootstrap percentages for the morphology-only analysis (upper) and combined analysis (lower). Decay indices could not be calculated. # = nodes preserved in trees three or more steps longer than the most-parsimonious trees, (b) Loss of resolution within Caiman when combined matrix was used.
with molecular data alone, but morphological information strongly supports a rooting on Gavialis rather than Alligatoridae.
This tree also differs from the morphol- and resolution is reduced in this portion of the tree.
Trees supporting the morphological placement of Tomistoma are 628 steps long, regardless of the placement of C. cataphractus. The preferred molecular tree, in which Gavialis and Tomistoma are sister taxa, is 631 steps long. The lengths of both of these trees are <1% greater than the length of the optimal tree, and neither tree is significantly less parsimonious with Templeton's test (Ts = 539, n = 48, combined vs. preferred morphology; Ts = 418, n = 43, combined vs. preferred molecular). However, the preferred morphological and molecular topologies are significantly different from each other (P < 0.001, Ts = 760.5, n = 78).
When the fossil outgroups are pruned from the analysis, two different rootings become equally parsimonious, one on Gavialis and one on Alligatoridae. These trees are 592 steps in length, only eight steps shorter than the preferred morphology tree. These three topologies are not significantly different (Ts = 490, n = 48, preferred morphology tree vs. most-parsimonious result rooted on Gavialis; Ts = 1382.5, n = 78, preferred morphology tree vs. most-parsimonious result rooted on Alligatoridae).
Fossils included, combined matrix.-This
analysis produced 7,560 most-parsimonious trees with a length of 841. The strict consensus of these is completely congruent with the set of most-parsimonious trees favored by morphology alone. However, there is loss of resolution within the caimans (Fig. 5b) and Crocodylus (Fig. 4b) . This set of trees is only three steps longer than the set of trees in which gavialoids and tomistomines are constrained as close relatives. This difference is not significant (Ts = 1,332, n = 74).
Timing of Divergence within Crocodylia
For the tree as a whole, concordance with stratigraphy is good (average SCI = 0.8679; Figs. 7, 8a), although there are some prominent exceptions. For example, Pristichampsus is known only from the Eocene (Berg, 1966; Langston, 1975; Busbey, 1986) , but if the phylogeny in Figure 4 is correct, its lineage must extend back to the Cretaceous. Likewise, the lineage including Diplocynodon must extend into the Cretaceous, even though remains have not been described for this taxon prior to the Eocene (Berg, 1966; Buscalioni et al., 1992) .
The most-parsimonious relationships within Gavialoidea are in perfect agreement with known stratigraphic ranges, and if Late Cretaceous Thoracosaurus are included, the node joining Gavialoidea with all other crocodylians is consistent with stratigraphy. Within Tomistominae, Gcwialosuchus is the only taxon out of place, with an inferred gap of 10.7 MY.
There is general agreement between the data sets regarding divergence time. For example, molecular data have supported an ancient split between the alligators and caimans (Gorman et al., 1971; Densmore, 1983; Densmore and Owen, 1989; Hass et al., 1992; Kumazawa and Nishida, 1995) . Based on the presence of " Allognathosuchus" mooki in the lower Paleocene (Simpson, 1930; Sullivan et al., 1988) , the alligator-caiman split occurred at or shortly after the Cretaceous-Tertiary boundary. Although the oldest caiman considered in this study is from the Eocene, putative caimans are known from the Paleocene of Argentina (Rusconi, 1937) and Texas (Brochu, 1996) ; furthermore, a headless skeleton from the Hell Creek Formaton may represent a Late Cretaceous caiman and thus may draw this divergence into the Cretaceous (Bryant, 1989) .
Molecular distances have also implied a relatively recent divergence among living species of Crocodylus and between the two modern species of Alligator (Densmore, 1983) . The oldest arguable members of the crown-group Crocodylus are from the Miocene (Tchernov, 1986; Pickford, 1994; Leakey et al., 1996) , and the divergence between Alligator mississippiensis and A. sinensis was probably in the Miocene, based on the presence of A. mississippiensis in the Barstovian (middle Miocene; Malone, 1979) .
The distribution of fossil taxa in Figure  7 is problematic if, as suggested by some protein distances (Densmore and Dessauer, 1984; Hass et al., 1992) , Gavialis and Tomistoma diverged from each other in the Miocene or Pliocene. Gavialoidea can be recognized in the Late Cretaceous based on the presence of Thoracosaurus in the Campanian (Lavocat, 1955; Schwimmer, 1986) , and tomistomines are known in the Eocene ("Crocodilus" spenceri, Tomistoma cairense). The fossils discussed by Hass et al. (1992) were used in this analysis, and without any a priori constraint, Eocene and Oligocene taxa thought to be gavialoids in 1992 are still gavialoids. Indeed, when some "misidentified" taxa are properly assigned, e.g., Thoracosaurus, the disparity between phenetic distance and temporal range grows.
With fossils included, the range of Im indicates slightly more symmetry in the constrained tree over the preferred morphology tree, but the ranges overlap (0.224-0.300 for constrained tree, 0.246-0.298 for preferred morphology tree), and the tree shapes in the competing topologies can be considered similar for purposes of this analysis. In both cases, the set of trees is less symmetrical than would be expected for the number of taxa analyzed (expected Im = 0.1063).
The constrained tree fits the relative stratigraphic distribution of taxa nearly as well as the unconstrained tree, and average SCI values are close (average SCI = 0.866 for constrained tree). However, the amount of missing time is much greater for the constrained as compared with the unconstrained tree. Average SMIG for the mostparsimonious set of trees is 734.26; in the case of the Gavialis-Tomistoma constraint, average SMIG = 984.90, a difference of nearly 25.5%.
The most-parsimonious arrangement allowing a close relationship between Gavialis and Tomistoma still indicates a Late Cretaceous divergence between these two taxa. Thoracosaurus is still most-parsimoniously seen as closer to Gavialis than to Tomistoma. The most-parsimonious arrangement permitting a post-Eocene divergence between Gavialis and Tomistoma increases tree length by 52 steps (9.9%) with morphology only and 36 steps (4.1%) with the combined matrix and is significantly less parsimonious in both cases (P < 0.001, Ts = 277.5, n = 59, morphology only; P < 0.001, Ts = 1165.5, n = 86, combined matrix). Either of these arrangements further implies long ghost lineages for noncrocodylid crocodyloids.
The pre-Campanian record for eusuchians generally is poor, and an approximately 25-MY gap exists between Hylaeochampsa, the oldest known eusuchian, and the next oldest eusuchian occurrences in the Cenomanian (Stromer, 1925 (Stromer, , 1933 . However, this gap exists during a time of marine highstand, and terrestrial deposits are not common for most of the middle Cretaceous. The stratigraphic record is much more dense for the Tertiary, when sea levels were lower and nonmarine deposits are more widespread (Raup, 1976; Haq et al., 1988) . The gaps implied by the constraint tree encompass much of the Tertiary, when we would not expect long gaps for continental lineages. 
Comparison of Molecular Distances with Fossil Divergence Time
The to low AAD or ID; more ancient divergences typically correspond to higher AAD or ID. Both measures indicate an ancient divergence between Alligator and the caimans, between Crocodylus and Tomistoma, and between most nongavialoid crocodylians and Gavialis.
However, the low AAD and ID between Gavialis and Tomistoma are in stark contrast with a minimum divergence time in the Late Cretaceous. In both cases, AAD and ID grossly underestimate the divergence time between these two taxa. Because error margins cannot be calculated for these comparisons, it is unclear whether this point is a significant outlier in the statistical sense; it clearly falls far from other points with both measures. Hass et al. (1992) , using a similar plot for ID and a molecular clock estimated from salamander phylogeny, argued that the oldest fossils putatively considered gavialoids (Oligocene, in their case) represented misidentified taxa unrelated to Gavialis or Tomistoma. However, a parsimony reanalysis continues to support the gavialoid identity of these fossils, and an explanation other than misidentification should be sought. Conversely, both the distances and divergence time between these two taxa could be accepted at face value, a rate curve could be estimated from the origin through the Gavialis-Tomistoma point, and then ghost lineages could be extrapolated for all other points until they intersected the rate curve. This process would require ghost lineages for some pairwise comparisons as old as 1 billion years, implying the existence of Crocodylia prior to the Cambrian Explosion.
Other interesting patterns arise from close inspection of Figure 9 . In particular, both AAD and ID appear to overestimate divergences between nonalligatorids and alligatorids generally, especially between nonalligatorids and caimans. Thus, the distance between Alligator and any nonalligatorid should be very similar to the distance between the caimans and the same nonalligatorid because the last common ancestor shared between Alligator and, for example, Crocodylus was the same last common ancestor shared between caimans and Crocodylus. Instead, AAD and ID consistently indicate greater distances when caimans are involved.
Nei's D does not correspond as well with time as do the albumin distance measures, particularly for recent divergences (Fig. 9c) . Nevertheless, Nei's D underesti-mates the divergence between Gavialis and Tomistoma. Because pairwise comparisons between alligatorids and nonalligatorids could not be made, the overestimation of caiman divergence time seen with AAD and ID could not be tested.
Comparison of Sequence Data with Fossil
Divergence Time
Simple relative rates tests for pairwise comparisons between extant crocodylian species (Table 3) indicate that the 12S ribosomal sequence data are generally internally consistent with the same rate of evolution, but some comparisons between some caimans, in particular Melanosuchus niger, Caiman latirostris, and Paleosuchus palpebrosus, and noncaiman crocodylians indicate significantly higher rates of evolution for some caimans. Comparisons with Gavialis do not reflect differential rates, with the exception of two of the caiman comparisons.
Relative rate tests have the advantage of being independent of topology and fossil divergence estimates (Mindell and Thacker, 1996) , but fossil occurrences can be used to obtain rough divergence estimates and to test apparent absolute rates further. Figure 10 shows the relationship between minimum divergence time from fossils and the number of steps between any two crocodylian taxa for the 12S data (Gatesy et al., 1993;  Table 3 ). Lines radiating from the origin correspond to hypothetical rates of evolution as indicated.
Two pairwise distances, those between Gavialis and Tomistoma and between Gavialis and Crocodylus rhombifer, are consistent with an evolutionary rate of 0.25 bpc/MY but lie outside the error margins for all other rates. The Gavialis-Tomistoma distance is also consistent with a rate of 0.125 bpc/MY, and all other points lie well outside the error margins for this rate. Most other points lie within the error margins for 0.5 bpc/MY and/or 0.75 bpc/MY.
Late Tertiary divergences within Alligatoridae indicate considerably faster rates of evolution. The distance between the two living species of Alligator is consistent with rates of 1.5-2.0 bpc/MY. Comparisons among caimans suggest even faster rates, e.g., the distance between Melanosuchus niger and Caiman latirostris is consistent with rates of 3.0-7.0 bpc/MY.
There are two caveats with this type of analysis. First, the calculated error margins on molecular rates assume a Poisson distribution of substitutions, and recent studies indicate that this assumption is not always met (Gillespie, 1986; Sullivan et al., 1995) . Second, the disparity between some comparisons might be an artifact of an incomplete fossil record (Springer, 1995) . Projection of ghost lineages will draw any of these comparisons into slower apparent rates of evolution. For caimans, the preMiocene fossil record is very poor, and the anomalously high rates calculated from caiman divergences might reflect the nonpreservation of speciation events in the Eocene or Paleocene.
Nevertheless, the rate calculated from Gavialis and Tomistoma raises some interesting questions. If the maximum rate for this comparison (0.25 bpc/MY) is taken as a conservative rate estimate for all crocodylian lineages, then other divergences can be projected back in time until they are consistent with that rate. This procedure results in some ghost lineages, in particular those involving caimans, that extend into the lowermost Upper Jurassic (Oxfordian), roughly 40 MY before the first known eusuchian. Conversely, the GavialisTomistoma divergence is consistent with a rate of 0.5 bpc/MY only if it occurred after the Eocene, which is inconsistent with the existence of fossils from both lineages prior to the Oligocene.
DISCUSSION
What Does Morphology Say about the Relationships of Gavialis?
A thorough review supports the signal reflected by earlier anatomical studies; morphology really does indicate that Gavialis is the sister taxon of all other extant crocodylians. The addition of fossils has no effect on the tree topology resulting from analysis of modern taxa. Thus, the hypothesis that morphological data are be- Table 3A . Lines radiating from the origin are tested substitution rates, ranging from 0.125 to 7.0 base pair changes/million years.
ing misled by convergence when living taxa are analyzed separately cannot be rejected.
One possible criticism is that because these fossils were all incomplete to some degree they did not support relationships that would otherwise have been recovered with complete taxa. Although some analyses have shown decreases in accuracy with the addition of incomplete taxa (Wiens and Reeder, 1995) , most paleontologists have found that the completeness of a fossil has little bearing on whether it will alter relationships (Gauthier et al., 1988; Simmons, 1993; Wilkinson and Benton, 1995) , and very incomplete taxa are more likely to reduce resolution (Wheeler, 1992; Livezey, 1996) . Furthermore, some of these fossils (e.g., "Leidyosuchus" formidabilis, Diplocynodon hantoniensis, "Crocodylus" affinis) were almost as morphologically complete as the modern taxa (Appendix 3), and many extant taxa were also incomplete because complete molecular data were not available.
What Does the Fossil Record Say about Divergence Timing within Crocodylia?
The presence of fossil gavialoids in the Cretaceous and fossil tomistomines in the Eocene falsifies the hypothesis that extant Gavialis and Tomistoma shared a common ancestor as recently as the Late Tertiary. This conclusion is independent of the relationships between living Gavialis and Tomistoma; constraining the analysis to draw these genera close together still indicates a Cretaceous divergence, and even the combined analyses significantly reject a topology that would permit a post-Oligocene divergence.
This conflict is a more interesting than the topological issue. Significant topological disagreement among data sets centers on only one extant lineage, and given the consistency with which independent molecular data sets agree on the position of Gavialis, the topological conflict could be dismissed as an artifact of morphological convergence. However, the sequence of fossils extending Gavialoidea into the Campanian must be explained if Gavialis and Tomistoma diverged from each other within the past 22 MY.
Both topologies fit the known stratigraphic sequence of fossils approximately as well. However, making Gavialis and Tomistoma sister taxa increases the amount of missing time by over 250 MY, and a minimum 56 MY discrepancy separates molecular and fossil estimates for the divergence of these taxa. Measures of clade rank and missing time show no correlation, which is not unexpected because they measure very different things: fit between branching order and stratigraphic appearance and the amount of stratigraphic gap between occurrences, respectively (Hitchin and Benton, 1997) . I do not accept the conclusion that long ghost lineages in the set of most-parsimonious trees should be cause to prefer a suboptimal tree (contra Wagner, 1995), but in this case the preferred morphology trees are considerably better at explaining the absolute temporal distribution of fossils.
Some interesting questions arise regarding interpretations of molecular distance data and assumptions of clocklike evolution within Crocodylia. Mitochondrial DNA substitution rates are not uniform throughout the group (Table 3 ; Fig. 9 ). Although the extremely high rates implied for caimans by minimum divergence times are probably being inflated by an incomplete fossil record, other measures indicate higher rates in caimans than in other crocodylian lineages. Kumazawa and Nishida (1995) found that rates for tRNA evolution were higher in crocodylians than in other amniote lineages, and their data suggest a slightly longer branch in Caiman than in Alligator or Crocodylus. The mitochondrial genome of Crocodylus porosus has a longer cytochrome b sequence than do those of noncrocodylian amniotes and, apparently, a pseudogene derived from the tRNA phe gene (Quinn and Mindell, 1996) . Caiman crocodilus also has an additional noncoding region inserted between the ND4 and t RNfASercAGY) genes (Macey et al, 1997) . Together with the 12S rDNA rate heterogeneity proposed here, these observations indicate a complex history for the crocodylian mitochondrial genome.
A recent analysis by Wu et al. (1996) supported a placement of Hylaeochampsa deep within Alligatoridae, which would draw the divergence between Alligatoridae and Crocodylidae into the Lower Cretaceous and would support much lower rates of evolution for alligatorid taxa. However, this comparison must be made cautiously because Wu et al/s analysis excluded many taxa, such as gavialoids and tomistomines, that could overturn their tree (Brochu, in press) . No caimans were included, so the presence of Hylaeochampsa close to Brachychampsa and Stangerochampsa provides no information about the divergence between Alligator and Caiman. The relationships for Hylaeochampsa supported by Wu et al. are strongly rejected by the morphological matrix used in the present analysis (4.6% tree length increase; P < 0.005, Ts = 45, n = 29). The conclusions of the combined analyses presented here differ from those of Poe (1996) in two ways. First, Poe's combined matrix significantly rejected a sister-group relationship between Gavialis and all other living crocodylians, whereas the analyses presented here either do not significantly reject it or prefer it (Fig. 2) ; in either case, the competing hypotheses are not significantly different. Second, the inclusion of fossils shows that the conflict is no longer restricted to a single species only; Gavialis produced the only consistent conflict in Poe's analyses (1996) , but competing hypotheses must also consider such extinct taxa as Thoracosaurus, Eogavialis, and Gavialosuchus, especially if the fossil record is to be reconciled with molecular distance data.
The combined analyses presented here reflect the strong disparity between different morphological and molecular data sets for the position of Gavialis more than they uphold one over another. However congruent the available data are for most parts of the crocodylian tree, they strongly disagree on the placement of Gavialis and its extinct relatives. The total evidence tree in Figures 4 and 5 is currently the best available hypothesis for crocodylian relationships, but alternative topologies supported by other data sets are not significantly less parsimonious, and the inclusion of new data sets or fossil taxa might very well overturn these trees.
Nonsignificance of tree-length difference between topologies leads to the suspicion that combined analyses alone will not resolve this particular issue. There are two conflicting signals represented in the combined matrix, and whichever is stronger in a particular analysis will dominate the resulting combined signal. Poe (1996) found the preferred molecular tree to be better supported than the morphology tree, but he used more than twice as many molecular as morphological characters. A bolstered morphological data set led either to a different rooting (for the Recent-only tree with fossil outgroups) or a different topology altogether (when fossils are included). The change in root can be seen as a compromise result: the molecular data are strongly enforcing a four-taxon network in which Gavialis and Tomistoma are close together, but the morphological data are rooting it on Gavialis. The complete change in topology is reflecting a stronger morphological signal with the addition of fossils. One would expect the addition of a SYSTEMATIC BIOLOGY VOL. 46 large sequence data set to tip the balance in favor of the molecular tree again.
There is value to combining data sets; weakly supported relationships in different partitions might become more robust in the combined analysis, and as illustrated by Pennington (1996) , different partitions will resolve different regions of the tree. But, with respect to Gavialis, a combined analysis will reflect either the stronger of the two signals or a compromise between them. Because we cannot know a priori which of these signals is the correct one, we can only state that the resulting tree indicates the best estimate from two conflicting signals, and it would be prudent to bear the unstable placement of Gavialis in mind when discussing crocodylian relationships.
Prospectus
Although some possible reasons (in particular, long-branch attraction) for morphology to reflect a misleading signal appear unlikely given the data presented here, the fossil record for crocodylians remains incomplete, and the addition of newly collected fossils could overturn these results. In particular, the eusuchian record between the Barremian and Campanian is virtually barren, and the effects of fossils from this time period could be significant. Some known crocodylian fossils may be well-preserved enough to allow extraction of nucleic acids sufficient for sequencing; if so, molecular data from extinct crocodylians would be an important contribution.
Several fossils greatly predate the predicted divergence of two taxa based on protein distance, which argues against a molecular clock for Crocodylia, and evolutionary rate heterogeneity should be considered by future investigators. However, certain fossil discoveries could recalibrate several lineages and resurrect the hypothesis of clocklike evolution for crocodylians. The discovery of a fossil in the Oligocene that draws Gavialis and Tomistoma together would clearly falsify the morphological hypothesis presented here.
Given a long time of lineage separation and evolutionary rate heterogeneity, longbranch attraction in molecular data should be explored as a possible cause of the topological disparity. Positive recognition of long-branch attraction with real data is not possible, although circumstances under which it is suspected can be identified (Allard and Miyamoto, 1992; Halanych, 1996) . In Figures 9a and 9b , the distance between Gavialis and Tomistoma is less than expected, but the distance between Alligatoridae and Crocodylus or Osteolaemus is greater than expected. With sequence data, comparisons between Gavialis and either Tomistoma or Crocodylus are consistent with slow rates of evolution, but comparisons of any of these taxa, particularly Tomistoma and Crocodylus, with any alligatorid suggest a faster substitution rate. I echo the hope expressed by Hass et al. (1992) that the morphological characters relevant to crocodylian systematics, including those used here, will be closely scrutinized. However, the results of this study indicate that a closer examination of the molecular data is likewise warranted. We are faced with two equally compelling signals, and the issue remains unsettled. The reason for this tree of conflict amid a forest of congruence should be sought, and possibilities other than the unreliability of morphological data should be considered. Norell, 1989, character 12; Norell and Clark, 1990, character 11; , character 91.) 9. Neural spine on first postaxial cervical vertebra wide with dorsal tip at least half the length of the centrum without the cotyle (0) or narrow with dorsal tip acute and less than half the length of the centrum without the cotyle (1). 10. Proatlas with prominent anterior process (0) or lacks anterior process (1). 11. Anterior half of axis neural spine oriented horizontally (0) or slopes anteriorly (1). 12. Axis neural spine crested (0) or not crested (1). 13. Anterior sacral capitulum projects far anteriorly of tuberculum and is broadly visible in dorsal view (0) or anterior margins of tuberculum and capitulum nearly in same plane and capitulum largely obscured dorsally (1). 14. Dorsal margin of atlantal rib generally smooth with modest dorsal process (0) or with prominent process (1). 15. Atlantal ribs lack (0) or possess (1) large articular facets for each other at anterior ends. 16. Atlantal ribs without (0) or with (1) very thin medial laminae at anterior end. 17. Proatlas has tall dorsal keel (0) or lacks tall dorsal keel and has a smooth dorsal side (1). 18. Presacral centra amphicoelous (0) or procoelous (1). (Adapted from several previous analyses, e.g., Benton and Clark, 1988; Norell and Clark, 1990, characters 8, 10; Clark, 1994, characters 92, 93.) Norell, 1988, character 15; Norell, 1989 , character 8.) 42. Mandibular ramus of cranial nerve V exits splenial anteriorly only (0), splenial has singular perforation for mandibular ramus of cranial nerve V posteriorly (1), or splenial has double perforation for mandibular ramus of cranial nerve V posteriorly (2). (Adapted from Norell, 1988, character 15; Norell, 1989, character 8.) 43. Splenial participates in mandibular symphysis and splenial symphysis adjacent to no more than five dentary alveoli (0), splenial excluded from mandibular symphysis and anterior tip of splenial passes ventral to Meckelian groove (1), splenial excluded from mandibular symphysis and anterior tip of splenial passes dorsal to Meckelian groove (2), deep splenial symphysis, longer than five dentary alveoli, and splenial forms wide "V" within symphysis (3), or deep splenial symphysis, longer than five dentary alveoli, and splenial constricted within symphysis and forms narrow "V" and Clark, 1988; Norell and Clark, 1990, character 7; Clark, 1994, character 71.) (Norell, 1988, character 11.) (0) or flare posteriorly, producing a shelf (1). (Adapted from Norell, 1988, character 2.) 91. Ectopterygoid abuts maxillary toothrow (0) or maxilla broadly separates ectopterygoid from maxillary toothrow (1). (Norell, 1988, character 19 .) 92. Shallow fossa at anteromedial corner of supratemporal fenestra (0) or no such fossa and anteromedial corner of supratemporal fenestra smooth (1). 93. Lacrymal makes broad contact with nasal and there is no posterior process of maxilla (0), maxilla sends posterior process within lacrymal (1), or maxilla sends posterior process between lacrymal and prefrontal (2).
tween posterior and superior angles of infratemporal fenestra (1). 115. Laterosphenoid bridge comprised entirely of laterosphenoid (0) or with ascending process or palatine (1). 116. Ectopterygoid-pterygoid flexure disappears during ontogeny (0) or remains throughout ontogeny (1). 117. Lacrymal longer than prefrontal (0), prefrontal longer than lacrymal (1), or lacrymal and prefrontal both elongate and nearly the same length (2). (Modified from Norell, 1988 , character 7.) 118. Palatine process generally broad anteriorly (0) or in form of thin wedge (1). 119. Basisphenoid not broadly exposed ventral to basioccipital at maturity and pterygoid short ventral to median eustachian opening (0) or basisphenoid exposed as broad sheet ventral to basioccipital at maturity and pterygoid tall ventral to median eustachian opening (1). 120. Medial jugal foramen small (0) or very large (1). 121. Quadrate foramen aerum on mediodorsal angle (0) or on dorsal surface (1) of quadrate. 122. Sulcus on anterior braincase wall lateral to basisphenoid rostrum (0) or braincase wall lateral to basisphenoid rostrum smooth with no sulcus (1). 123. Skull table surface slopes ventrally from sagittal axis (0) or is planar (1) at maturity. 124. Incisive foramen small and less than half the greatest width of premaxillae (0), large and more than half the greatest width of premaxillae (1), or large and intersects premaxillary-maxillary suture (2). 125. Vomer entirely obscured by premaxilla and maxilla (0) or exposed on palate at premaxillarymaxillary suture (1). (Adapted from Norell, 1988, character 22 .) 126. Vomer entirely obscured by maxillae and palatines (0) or exposed on palate between palatines (1). 127. Significant ventral quadrate process on lateral braincase wall (0) or quadrate-pterygoid suture linear from basisphenoid exposure to foramen ovale (1). 128. Lateral carotid foramen opens lateral (0) or dorsal (1) to basisphenoid lateral exposure at maturity. 129. Basisphenoid not exposed extensively (0) (0) or with nearly horizontal sides and significant squamosal prongs (1). 141. Exoccipital with very prominent boss on paroccipital process and process lateral to cranioquadrate opening short (0) or exoccipital with small or no boss on paroccipital process and process lateral to cranioquadrate opening long (1). 142. Premaxillary surface lateral to naris smooth (0) or with deep notch lateral to naris (1). 143. Canthi rostrales absent or very modest (0) or very prominent (1) at maturity. (Norell, 1988, character 34 .) 144. Preorbital ridges absent or very modest (0) or very prominent (1) at maturity. 145. Dorsal premaxillary processes short and not extending beyond third maxillary alveolus (0) or long and extending beyond third maxillary alveolus (1). 146. Ventral margin of postorbital bar flush with lateral jugal surface (0) or inset from lateral jugal surface (1). (Adapted from Benton and Clark, 1988; Norell and Clark, 1990, character http://sysbio.oxfordjournals.org/ Downloaded from also been described from the Uintan NALMA of Utah (Gilmore, 1946) . 25. Based on a skull and partial mandible from the Oligocene of France (Kalin, 1939) . 26. Based on a well-preserved skull and skeleton from the Judith River Group of Alberta (Wu et al., 1996) . Although the skull of S. mccabei shows proportions different from those of the holotype of Albertochampsa langstoni from the same unit (Erickson, 1972) , Stangerochampsa and Albertochampsa were redundant for purposes of this study. 27. Both the holotype (Gilmore, 1911) and a well-preserved skeleton described by Norell et al. (1994) came from the uppermost Cretaceous Hell Creek Formation. 28. South American Land Mammal Ages are not well calibrated. Upper and lower bounds of the Casamayoran are adapted from Wyss et al. (1993) , with the understanding that they are extremely approximate. I was unable to find absolute dates for the Huayquerian, so the date and range indicated are for the Pliocene, using the calibration of Harland et al. (1990) . 29. Caimans are probably the most poorly represented lineage in this study, at least from a paleontological perspective. Eocaiman cavernensis, from the Lower Eocene of Patagonia (Simpson, 1933) , is regarded as the oldest reasonably preserved caiman, although poorly preserved fossils are known from the Paleocene of Argentina (Rusconi, 1937; Langston, 1965) and Texas (Brochu, 1996) . Eocaiman has been reported from the Paleocene (Gasparini, 1981), but calibrations in this study are based only on Eocene material. 30. Purussaurus neivensis is part of an assemblage of large caimans from the Mio-Pliocene of northern South America that have extremely large narial openings; Langston (1965) referred the La Venta Fauna, from which P. neivensis is known, to the Late Miocene. 31. Nettosuchids are among the most bizarre crocodylians known, characterized by long, broad skulls with a large number of very small teeth (Price, 1964; Langston, 1965; Bocquetin and de Souza Filho, 1990) . Most are known from the Miocene and Pliocene of South America, where the oldest is Mourasuchus atopus from the La Venta Fauna (Langston, 1965) . However, Orthogenysuchus olseni from the Wasatchian NALMA of New Mexico (Mook, 1924) possesses not only the broad snout and small maxillary alveoli but also the transversely wide external naris characteristic of South American nettosuchids and draws this lineage, as well as the divergence of Paleosuchus from other extant caimans, at least to the base of the Eocene. Fossils are not known from the lineage including Paleosuchus to the exclusion of other living caimans. 32. Our knowledge of Caiman latirostris is, for purposes of this study, restricted to the Quaternary. A partial snout from the Pleistocene of Argentina was referred to this species by Patterson (1936) . Caiman lutescens from the La Venta Fauna has been referred to this species (Gasparini, 1981; Langston and Gasparini, 1997) , but the holotype of this taxon can be distinguished from C. latirostris on the basis of a much larger external naris. Caiman lutescens was not included in the parsimony analyses but is congruent with both C. latirostris and Melanosuchus niger and shares the presence of well-developed rostral ridges with both living species, indicating a divergence between C. latirostris + M. niger and C. crocodilus + C. yacare by
